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Human liverCYP2E1 is amonotopic, endoplasmic reticulum-
anchored cytochrome P450 responsible for the biotransforma-
tion of clinically relevant drugs, lowmolecular weight xenobiot-
ics, carcinogens, and endogenous ketones. CYP2E1 substrate
complexation converts it into a stable slow-turnover species
degraded largely via autophagic lysosomal degradation. Sub-
strate decomplexation/withdrawal results in a fast turnover
CYP2E1 species, putatively generated through its futile oxida-
tive cycling, that incurs endoplasmic reticulum-associatedubiq-
uitin-dependent proteasomal degradation (UPD). CYP2E1 thus
exhibits biphasic turnover in the mammalian liver. We now
show upon heterologous expression of human CYP2E1 in Sac-
charomyces cerevisiae that its autophagic lysosomal degradation
andUPDpathways are evolutionarily conserved, even though its
potential for futile catalytic cycling is low due to its sluggish
catalytic activity in yeast. This suggested that other factors (i.e.
post-translational modifications or “degrons”) contribute to its
UPD. Indeed, in culturedhumanhepatocytes, CYP2E1 is detect-
ably ubiquitinated, and this is enhanced on its mechanism-
based inactivation. Studies inUbc7p andUbc5pgenetically defi-
cient yeast strains versus corresponding isogenic wild types
identified these ubiquitin-conjugating E2 enzymes as relevant
to CYP2E1UPD. Consistent with this, in vitro functional recon-
stitution analyses revealed that mammalian UBC7/gp78 and
UbcH5a/CHIP E2-E3 ubiquitin ligases were capable of ubiquiti-
nating CYP2E1, a process enhanced by protein kinase (PK) A
and/or PKC inclusion. Inhibition of PKA or PKC blocked intra-
cellular CYP2E1 ubiquitination and turnover. Here, through
mass spectrometric analyses, we identify some CYP2E1 phos-
phorylation/ubiquitination sites in spatially associated clusters.
We propose that these CYP2E1 phosphorylation clusters may
serve to engage each E2-E3 ubiquitination complex in vitro and
intracellularly.

Hepatic cytochromes P450 (P450s)2 are endoplasmic reticu-
lum (ER)-anchored hemoproteins involved in the metabolism
of numerous endo- and xenobiotics. These substrates canmod-
ulate P450 content, diversity, and/or function (see Refs. 1, 2 and
references therein) through induction via either increased syn-
thesis or protein stabilization, i.e. half-life prolongation (3–9).
By contrast, “suicide” substrate/inactivators accelerate the deg-
radation of certain P450s and dramatically curtail their half-
lives (10–23). Such substrate-mediated P450 induction and/or
enhanced turnover can influence the severity and the time
course of certain pharmacokinetic/pharmacodynamic drug-
drug interactions and is an important therapeutic consider-
ation (24–27).
P450 turnover has been proposed to involve various proteo-

lyticmechanisms (6–9, 28–38).However, it is now increasingly
evident that in common with other type I monotopic ER pro-
teins, P450s such asCYPs 3A (both native and structurally inac-
tivated) undergo ER-associated degradation (ERAD) involving
the ubiquitin (Ub)-dependent 26 S proteasomal system (UPS)
(6–9, 12–16). This process entails the ubiquitination of the pre-
dominantly cytosol (C)-localized monotopic ER proteins by an
E2 Ub-conjugating enzyme (Ubc)-E3 Ub ligase complex, its
concurrent extraction from the ERmembrane by the p97-AAA
ATPase, and its delivery to the 26 S proteasome (12–17, 39, 40).
CYPs 3A thusmay qualify as typical ERAD-C substrates.On the
other hand, P450s such as CYPs 2B1 and 2C11 undergo auto-
phagic lysosomal degradation (ALD) (32–36). Yet others such
as CYP2E1 apparently involve both UPD and ALD (18–22, 37,
38). Accordingly, the rat liver CYP2E1 undergoes biphasic deg-
radation with a rapid phase (t1⁄2, 7 h) and a slow phase (t1⁄2, 37 h)
that reflect its degradation via ERAD/UPS and ALD, respec-
tively. The rapid phase is thought to stem from structural dam-
age inflicted by its futile oxidative cycling either in the absence
or on withdrawal of an appropriate substrate (i.e. EtOH). Thus,
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substrate binding stabilizes the CYP2E1 protein and pro-
longs its half-life, channeling it into the slower ALD path-
way. Furthermore, abolition of the redox electron flux
through functional inactivation of NADPH-cytochrome
P450 oxidoreductase (OR) stabilizes CYP2E1 and prolongs
its half-life, consistent with its reduced futile oxidative
cycling (41, 42).
To determine the extent to which CYP2E1 catalytic turnover

influences the particular route of its degradation, we used Sac-
charomyces cerevisiae not only because of its high evolutionary
conservation of the eukaryotic ERAD/UPS/ALDpathways (43–
45) but also because its relatively poor constitutive OR content
(46) would sustain virtually little basal CYP2E1 catalytic turn-
over. Thus, if CYP2E1 UPDwere largely dependent on its futile
catalytic turnover, we reasoned that the ALD pathway of
CYP2E1 turnover should predominate in these yeast cells. We
therefore examined the turnover of heterologously expressed
human CYP2E1 in S. cerevisiae strains with genetically defined
functional defects in the 19 SHrd2p/Rpn1 proteasomal subunit
(hrd2-1), genetic deletion of the vacuolar (lysosomal) master
protease Pep4p (pep4�), as well as corresponding isogenic wild
type (WT) strains.Our findings revealed that despite the overall
sluggish CYP2EI catalytic turnover in yeast, its degradationwas
still dependent on both ERAD/UPS andALD as in themamma-
lian liver.
Similar turnover analyses of heterologously expressed

CYP2E1 in S. cerevisiae strains (ubc4�, ubc4�/ubc5�, ubc7�,
and ubc6�/ubc7�) with specific genetic deletions of the known
ERAD-associated E2s Ubc4p, Ubc5p, Ubc6p, and/or Ubc7p
(43–45) indicated that Ubc5p and Ubc7p were important for
CYP2E1 ERAD.
The above findings in yeast were fully consistent with a sig-

nificant contribution of both ERAD/UPS and ALD to its in vivo
turnover in cultured human hepatocytes. In these hepatocytes,
CYP2E1 was appreciably ubiquitinated, and this ubiquitination
was greatly enhanced after proteasomal inhibition, which sta-
bilized the enzyme. Cotreatment with the ALD inhibitors
3-methyladenine (3MA) and NH4Cl also stabilized CYP2E1.

The involvement of Ubc5p in yeast CYP2E1 ERAD is consis-
tent with the reported involvement of its mammalian UbcH5a
E2 counterpart in CYP2E1 ubiquitination by CHIP (C terminus
ofHsp70-interacting protein), a cytosolic E3Ub ligase (22). The
involvement ofUbc7p suggested that aUBC7-dependentmam-
malian Ub ligase could also be involved in CYP2E1 ubiquitina-
tion. One such E3 candidate is gp78/AMFR (autocrine motility
factor receptor), an ER integral protein (47) that is involved in
CYP3A4 ubiquitination (48–50). Our findings described below
indicate that both UbcH5a-CHIP and UBC7-gp78 E2-E3 com-
plexes can ubiquitinate CYP2E1 in vitro. As in the case of
UBC7/gp78-mediated CYP3A4 ubiquitination (48), protein
kinase (PK) A- and/or PKC-mediated phosphorylation also
enhanced UBC7/gp78-mediated CYP2E1 ubiquitination. We
now document that such protein phosphorylation also
enhances UbcH5a/CHIP-mediated ubiquitination of CYP2E1.
Furthermore, inhibition of PKAorPKCwith a specific inhibitor
(KT-5720 or bisindolylmaleimide (BisIII)) or a general inhibitor
(staurosporine) blocked both CYP2E1 ubiquitination and turn-
over in cultured hepatocytes, thereby underscoring the physio-

logical relevance of CYP2E1 protein phosphorylation to its
ERAD/UPD.
Using LC-MS/MS analyses, we have identified several

CYP2E1 residues, in addition to the previously identified Ser129
(28, 51–53) specifically phosphorylated by PKA or PKC in the
native enzyme. Furthermore, we document that this phos-
phorylation is further enhanced after CYP2E1 structural inac-
tivation by cumene hydroperoxide (CuOOH).3 Not only is the
overall extent of CYP2E1 phosphorylation increased, but addi-
tional residues also are targeted for PKA/PKC-mediated phos-
phorylation. Additionally, using LC-MS/MS analyses, we have
also identified some CYP2E1 Lys residues ubiquitinated by the
UbcH5a/CHIP- and UBC7/gp78-mediated systems.

EXPERIMENTAL PROCEDURES

Materials—Media for yeast growth were purchased from
Clontech. Calpain inhibitor I was purchased from Calbi-
ochem, and okadaic acid was obtained from Invitrogen. The
sources of many chemicals have been previously reported (40,
48–50). Benzyloxycarbonyl-Leu-Leu-Leu-B(OH)2 (MG262)
and epoxomycin were purchased from Boston Biochem (Bos-
ton, MA). Nickel-nitrilotriacetic acid superflow resin was
obtained fromQiagen (Valencia, CA), and ceramic hydroxyap-
atite multimodal chromatography media were from Bio-Rad.
�-S-[32P]ATP (specific activity, 6000 Ci/mmol) was obtained
from PerkinElmer Life Sciences. Goat polyclonal IgGs against a
recombinant CYP3A4 enzyme and sheep polyclonal IgGs
against CYP2E1 (54) were raised commercially and partially
purified by ammonium sulfate fractionation.
Rat brain PKC (catalytic subunit) was obtained from Calbi-

ochem-Novabiochem, and recombinant PKA (catalytic sub-
unit) was from New England Biolabs (Ipswich, MA). Endopro-
teinase Lys-C (sequencing grade) was from Roche Applied
Science. Ub-activating enzyme E1 was purchased from Biomol
(Plymouth Meeting, PA). Human cytosolic C-terminal gp78
(E3) and murine UBC7 (E2) were expressed in Escherichia coli
and purified as described previously (49), respectively, from
plasmid pGEX-gp78C encoding the human cytosolic C-termi-
nal gp78 domain (residues 309–643) and pGEX-MmUBC7
encoding murine UBC7. Both plasmids were gifts from Dr.
A. M. Weissman. Chaperones Hsp70, Hsc70, and Hsp40 were
purchased from Assay Designs (Ann Arbor, MI). Ub-conjugat-
ing enzyme E2 UbcH5a was obtained from Boston Biochem.
Plasmid pET-CHIP-His6 encoding the full-length 303-residue
human CHIP as a His-tagged fusion inserted in-frame into
pET-30a vector was provided by Dr. Cam Patterson and was
described previously (49). Recombinant cytochrome b5 (b5) and
OR were expressed in E. coli and purified as detailed (55). All
other buffers and reagents were of the highest commercial
grade.
Expression and Purification of CYP2E1-His6—A cDNA

encoding a C-terminally His6-tagged human CYP2E1 (kindly

3 CuOOH at the concentrations used directly inactivates P450 enzymes result-
ing in oxidative fragmentation of their prosthetic heme to mono- and
dipyrrolic products that covalently bind the protein at the active site and
irreversibly modify the enzyme, similarly to that observed after DDEP-me-
diated mechanism-based inactivation of CYP3A (12, 99).
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provided by Dr. Todd Porter, University of Kentucky, Lexing-
ton) was incorporated into a pCWori vector and expressed in
DH5� cells, grown in TB media at 37 °C with isopropyl �-D-
thiogalactopyranoside induction. The temperature was low-
ered to 30 °C, and the cells were allowed to grow for 20 h, with
periodic monitoring of spectral P450 content to determine
maximal P450 expression. Recombinant CYP2E1 was purified
to homogeneity by nickel affinity chromatography, followed by
detergent exchange by hydroxylapatite chromatography as
described previously (48). Aliquots of the purified protein were
stored at �80 °C until use. Rabbit liver CYP2E1 was purified as
described previously (56).
Yeast Expression, Cell Growth, Harvest, and Microsomal

Preparation for CYP2E1 Degradation Analyses—Isogenic yeast
strains were generated as described previously (43–45). Briefly,
expression vectors pYES2-ADH-CYC (modified from pYES2/
CT, URA-marked, and under control of ADH1 instead of the
GAL1 promoter) and pYcDE-2 (TRP-marked, under the con-
trol of the yeast ADH1 promoter) were employed for insertion
of a wild type human CYP2E1 cDNA to yield pYES2-ADH-2E1
andpYcDE-ADH-2E1, respectively. The yeast strains used have
been described previously (35, 36, 39, 45). The conditions for
yeast cell transformation and culture growth have been
described previously (35, 36, 39, 45, 48). In brief, yeast strains
transformed with CYP2E1 expression vector were grown at
30 °C in a synthetic defined medium with appropriate supple-
ments, as specifically indicated. Cells were harvested at an early
culture stage during the logarithmic growth phase of the cul-
ture (A of�0.8–1.0 at 600 nm) or at an intermediate stage after
“stationary chase” generally 12 h after reaching an A of 0.5–0.8
at 600 nm. For pep4� and hrd2-1 yeast strains, an extra harvest-
ing time point was added at an even later stage after stationary
chase, generally 20–24 h after reaching an A of 0.5 at 600 nm.
Yeast microsomal fractions were prepared exactly as

described previously (35, 36, 39). The microsomal pellet was
overlaid with potassium phosphate buffer, pH 7.4, containing 1
mM DTT, 0.1 mM EDTA, and 20% (v/v) glycerol and stored at
�80 °C until used.
Western immunoblotting analyses of CYP2E1 proteins were

carried out with yeast microsomes against sheep polyclonal
anti-CYP2E1 IgGs. After methanol/H2SO4 precipitation and
acetone washes of yeast microsomes to eliminate interference
in the protein assay from variable amounts of adventitious
chromophoric material, the protein content was determined.
Yeast microsomal protein (30 �g) was subjected to SDS-PAGE
and then transferred electrophoretically to a nitrocellulose
membrane. Sheep anti-CYP2E1 IgG was used as the primary
antibody (1:10,000, v/v) with rabbit anti-sheep horseradish per-
oxidase-coupled antibody as the secondary (1:40,000, v/v), and
a Pierce Femto ECL detection system to assay immunochemi-
cally detectable CYP2E1 content. The immunoblots were den-
sitometrically quantitated using ImageJ software, and the
results were statistically analyzed by the Student’s t test.
Chlorzoxazone (CZ) 6-Hydroxylase Activity—WT S. cerevi-

siae was transformed with pYES2-ADH-2E1 (or pYcDE-ADH-
2E1) as described above and harvested at an early culture stage
during the logarithmic growth phase of the culture (A of�0.8–
1.0 at 600 nm) before degradation begins. Microsomes were

prepared as described above, and aliquots containing 100 pmol
of spectrally monitored CYP2E1 hemoprotein were used either
before or after functional reconstitution with OR (OR/P450
molar ratios 4:1) and b5 (b5/P450 molar ratios 2:1), by incubat-
ing OR and b5 with yeast microsomal suspensions on ice for 30
min (57). Hepes buffer (50 mM), pH 7.4, CZ (200 �M), and an
NADPH-generating systemwere then added, and after a 3-min
preincubation at 37 °C, the reactionwas initiatedwith isocitrate
dehydrogenase and incubated for 30 min (54, 57). In parallel, a
positive control of acetone-treated rabbit liver microsomal
incubation was included. An aliquot of these microsomes with
2500 pmol of 6-OHCZ added was also incubated in parallel as
the positive recovery control for the extraction and analysis.
The 6-OHCZwas quantified byHPLC analyseswith 7-OHcou-
marin as the internal standard as described previously (54, 57).
Human Hepatocyte Culture, DDEP Treatment, and CYP2E1

Degradation Analyses—Human hepatocytes (3.2–3.5 million)
from four different human donors were cultured on a collagen
type I substratum with a Matrigel overlay as detailed (58–60).
Cellsweremaintained for 2 dayswith a daily change ofmedium,
and thenCYP2E1was inducedwith rifampin (10�M) for 3 days.
Treatments were carried out on the 5th day of culture. Cells
were treated with vehicle (ethanol or DMSO) and proteasomal
inhibitor MG-262 (20 �M), MG-132 (20 �M), or epoxomycin
(10 �M), with or without DDEP (100 �M) for 0–6 h. Hepato-
cytes from another human donor were also similarly cultured
and treated with rifampin. On the 5th day they were treated
with a combination of lysosomal inhibitors 3-methyladenine
(3MA; 5 mM) and NH4Cl (50 mM) for 20 h, along with a DMSO
vehicle control (16). Total cell lysate protein (20 �g) was
assayed by Western immunoblotting for CYP2E1 content as
described above.
CYP2E1Ubiquitination Analyses—Total lysate proteins (300

�g) in a final concentration of 2% w/v SDS and 5 mM N-ethyl-
maleimide were heated at 95 °C for 5 min. Total CYP2E1 was
immunoprecipitated with sheep anti-CYP2E1 IgG (1 mg)
cross-linked to protein A-Sepharose CL-4B after the mixture
was rotated end-to-end at 4 °C overnight. The immunoprecipi-
tated CYP2E1 was solubilized with SDS-PAGE loading buffer
(50 �l) containing 5% w/v SDS, 20% v/v glycerol, 50 mM DTT,
and 5% v/v �-mercaptoethanol in 50 mM Tris buffer, pH 6.8,
and boiled for 5 min, and the equivalent aliquots (48 �l) were
subjected to SDS-PAGE on 4–20% Tris-HCl gels and trans-
ferred to a nitrocellulosemembrane, followed by rabbit anti-Ub
IgG as the primary antibody (Sigma; 1:100, v/v), goat anti-rabbit
horseradish peroxidase-coupled secondary antibody (Bio-Rad,
1:40,000, v/v), with a Pierce Femto ECL detection system
employed to detect CYP2E1 ubiquitination.
In Vitro Reconstitution Assays of CYP2E1 Ubiquitination—

Purified recombinant human CYP2E1-His6 was inactivated for
15min at 37 °C with 1mMCuOOH, 1mM EDTA, 1mMGSH in
50 mM Hepes buffer, pH 7.4, containing 10% v/v glycerol. DTT
(5mM)was added to quenchCuOOHat the end of the reaction.
CuOOH-inactivatedCYP2E1 (250 pmol) was then incubated in
either reconstituted UbcH5a/CHIP or UBC7/gp78 ubiquitina-
tion systems as described previously (48, 49).
For analysis of its UbcH5a/CHIP-mediated ubiquitination,

CYP2E1 was CuOOH-inactivated in the presence of Hsc70 (2.5
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�M) and Hsp40 (2.5 �M), and then added to a reconstituted
system consisting of E1 (0.1 �M), UbcH5a (1.5 �M), CHIP-His6
(4 �M), Hsc70 (2.5 �M) and Hsp40 (2.5 �M), ATP (5 mM), crea-
tine phosphokinase (20 units), creatinine phosphate (20 mM),
MgCl2 (12 mM), 32P-Ub (167 �M; prepared as detailed in Ref.
49), Hepes buffer (50 mM, pH 7.4, containing 20% v/v glycerol),
EGTA (0.5 mM), EDTA (0.5 mM), with or without PKA (0.004
units), and/or PKC (0.004 units) addition in a final volume of 70
�l. Control reactions were incubated in parallel for 90 min in
the absence of ATP or CYP2E1.
The UBC7/gp78 ubiquitination system was similarly recon-

stituted with E1 (0.68 �M), human UBC7 (4.25 �M), and puri-
fied recombinant gp78C (the cytosolic 63-kDa E3 ligase
domain; 1 �M). The other components were the same as
described above, except that Hsp70/Hsp40 was omitted. Con-
trol reactions were incubated in parallel for 90 min in the
absence of ATP or CYP2E1, and CuOOH-inactivated CYP3A4
was also included in parallel as a positive control (48, 49).
All reactions were incubated at 30 °C for 90 min. At the end

of each reaction,N-ethylmaleimide (5mM, final concentration)
was added followed by 10% w/v SDS to a final concentration of
2%, and the samples were boiled for 5 min. CYP2E1 was immu-
noprecipitated with sheep anti-CYP2E1 IgG (1.5 mg) cross-
linked to protein A-Sepharose CL-4B (100�l) after themixture
was rotated end-to-end at 4 °C overnight essentially as
described previously. The immunoprecipitated CYP2E1 was
solubilized with 50�l of SDS-PAGE loading buffer (48, 49), and
equivalent aliquots (48 �l) were subjected to SDS-PAGE on
4–20%Tris-HCl gels. The gels were dried and exposed to Phos-
phorImager screens and visualized using a Typhoon scanner.
CYP3A4 was immunoprecipitated with goat anti-CYP3A4 IgG
and analyzed as detailed (48, 49).
In Vivo Effects of PKA/PKC Inhibitors on CYP2E1 UPD/

ERAD in Cultured Rat Hepatocytes—To determine whether
PKA/PKC-enhancedCYP2E1 ubiquitinationwas relevant to its
physiological degradation, we examined the effects of a specific
PKA and PKC inhibitor, KT-5720 and BisIII, respectively, as
well as that of staurosporine, a general PKA/PKC/PKG inhibi-
tor. Rat hepatocytes cultured exactly as described above were
pretreated with ethanol (200 mM)/acetone (20 mM) to induce
CYP2E1 for 3 days, weaned off these CYP2E1-stabilizing induc-
ers for another day, and then subjected to 35S-pulse-chase anal-
yses on the 5th day (40). Following chase, theywere treatedwith
DDEP (100 �M), and 30 min later with vehicle (DMSO),
KT-5720 (5 �M), BisIII (5 �M), or staurosporine (1 �M). Cells
were harvested at 0, 2, and 4 h following DDEP treatment.
CYP2E1 was immunoprecipitated as described above, and ali-
quots were subjected to radioactive scintillation counting, as
well as SDS-PAGE/PhosphorImager analyses and Typhoon
scanning as described above.
Mass Spectrometric (MS) Analysis and Protein/Peptide

Identification—Protein samples were reduced, alkylated, and
subjected to SDS-PAGE separation. Protein bandswere excised
from the gel, followed by in-gel digestion with lysylendopepti-
dase C (Lys-C) as detailed previously (48). The peptides were
analyzed by LC-MS/MS analyses on LTQ-FT or LTQOrbitrap
mass spectrometer (ThermoFisher Scientific, San Jose, CA),
equipped with a Waters NanoAcquity LC system (Milford,

MA). Peptides were trapped on a C18 trap column before sep-
aration in a 100 �m inner diameter � 100 mm long C18 ana-
lytical column, with a linear gradient from 2% solvent A (0.1%
formic acid in water) to 35% solvent B (0.1% formic acid in
acetonitrile) at 350 nl/min over 35 min. The MS method was a
“top 6” data-dependent sequence with one survey scan in FT
mode having mass resolution of 30,000 followed by six CID
scans in LTQ targeting the first six most intense peptide ions
whose m/z values were not in the dynamically updated exclu-
sion list. TheMS/MS data were searched against the SwissProt
database using the in-house Protein Prospector search engine
(61, 62), with a concatenated database consisting of normal and
randomized decoy databases (63, 64). False discovery rates for
phosphorylation and ubiquitination assays were estimated to
be 1 and 5%, corresponding to the expectation values of 0.01
and 0.05, respectively. The retention times ofmodified peptides
provided additional evidence to support the peptide identifica-
tion and modification site assignment especially for multisite
phosphorylated peptides.
Phosphorylation of Native/CuOOH-inactivated CYP2E1 by

PKA/PKC—Purified recombinant CYP2E1 was inactivated
with CuOOH (CuOOH-inactivated) or without (native
CYP2E1). The proteins were then incubated with PKA or PKC
(sample incubated without ATP as a control) at 30 °C for 30
min, as described previously (48). At the end of the reaction, the
reactionmixture was reduced, alkylated, and subjected to SDS-
PAGE, followed by in-gel digestion with Lys-C as described
above. For database searches, variable modifications on serine
and threonine were allowed. The phosphopeptide identifica-
tion and the site assignment were manually verified by inspec-
tion of the raw MS/MS spectra.
Estimation of PKA/PKC-catalyzed CYP2E1 Phosphorylation

Stoichiometry—CYP2E1 phosphorylation stoichiometry was
estimated by application of a label-free semi-quantitative anal-
ysis, which relies on the extraction of selected ion chromato-
grams of peptide ions from the survey scanmass spectra, whose
peptide identification was obtained from a database search of
corresponding MS/MS spectra. Protein/peptide identification,
the phosphorylation site assignment, as well as information
on the relative stoichiometry can be obtained from two LC-
MS/MS experiments with unphosphorylated (control) and
phosphorylated (sample) preparations (65, 66).
Identification of CYP2E1 Ubiquitination Sites—Purified

human or rabbit liver CYP2E1 (500 pmol) was subjected to in
vitro ubiquitination for 90 min with either the complete
UbcH5a/CHIP or UBC7/gp78 system as detailed above. The
reaction was terminated with a 2% w/v SDS (final concentra-
tion), and the mixture was boiled for 5 min, followed by reduc-
tion through addition of DTT (25 mM), and further incubation
at 37 °C for 1 h. Iodoacetamide (75 mM) was then added to
alkylate the protein, and the mixture was placed in the dark at
room temperature for another hour. This mixture was then
diluted at least five times with a buffer consisting of Tris (50
mM, pH 7.4), NaCl (150 mM), EDTA (1 mM), 10% v/v glycerol,
and 0.5%Nonidet P-40 before addition of disuccinimidyl suber-
ate cross-linked sheep anti-CYP2E1 IgG-protein A-Sepharose
beads (�500 �g of sheep anti-CYP2E1 IgG; 200 �l) and gently
rotated at 4 °C overnight. The beads were extensively washed
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with the same buffer and eluted with SDS-PAGE loading buffer
(80 �l) as described above. The eluate was boiled for 5min, and
subjected to 4–15% SDS-PAGE analysis followed by staining of
the gels with Coomassie Blue. Gel pieces corresponding to a
molecular mass range of 55–250 kDa were excised, finely
chopped, destained with 50% v/v methanol in 50 mM ammo-
nium bicarbonate, and then dehydrated by addition of acetoni-
trile. The dried gel pieces were then rehydrated with 50 mM

ammonium bicarbonate containing Lys-C/trypsin (side chain
protected porcine trypsin; Promega, Madison,WI) in an �1:20
w/w ratio of each protease to CYP2E1, placed on ice for 20min,
followed by sufficient 50 mM ammonium bicarbonate to cover
the gel pieces. The proteinwas digested at 37 °C for at least 12 h.
The peptides were extracted with 50% acetonitrile, 5% formic
acid three times by vortexing and water bath sonication. The
extracted peptides were concentrated by speed vacuum and
desalted through a C18 ZipTip. They were then subjected to
LC-MS/MS analysis as described above. In addition to com-
monly variablemodifications such asmethionine oxidation and
protein N-terminal acetylation, Gly-Gly (uncleaved Lys), Leu-
Arg-Gly-Gly (uncleaved Lys), and phospho (Ser, Thr) modifi-
cations were also considered in the database search. Peptides
with expectation values of 0.05 or less were accepted. Phos-
phorylated/ubiquitinated peptides were confirmed by manual
inspection of the raw MS/MS spectra (see supplemental mate-
rial). MS/MS spectra were inspected for the diagnostic loss of
GG- or KGG-associated mass (114.043 or 242.1 Da, respec-
tively) that not only verified the Ub-derived protein modifica-
tion but also served to identify the precise CYP2E1 Lys residue
ubiquitinated (67).

RESULTS

Sluggish CYP2E1 Catalytic Function in Yeast Microsomes—
The yeast S. cerevisiae constitutively expresses relatively low
levels of the P450 redox partner OR, thereby accounting for
the relatively sluggish catalytic turnover of heterologously
expressed mammalian microsomal P450s in the absence of
coexpressed OR (46). Indeed, assay of a selective CYP2E1 func-
tional marker CZ 6-hydroxylase in S. cerevisiae microsomes
containing heterologously expressed human CYP2E1 verified
that their basal activitywas 5.4% that of the corresponding yeast
microsomes functionally reconstitutedwith exogenousOR and
b5 (Fig. 1). For reference, the positive control of acetone-treated
and thusCYP2E1-enriched rabbit livermicrosomes included in
parallel exhibited an activity of 2553 pmol of 6-OHCZ/mg pro-
tein/min. These findings thus indicated that the heterologously
expressed CYP2E1 enzyme in yeast microsomes is intrinsically
active and competent when functionally reconstituted, albeit at
a fraction of the activity of its rabbit liver counterpart. Thus,
under basal conditions and in the absence of exogenously sup-
plemented redox partners, the potential of yeast microsomal
CYP2E1 for futile oxidative cycling would be relatively low,
unlike that of its mammalian liver microsomal counterparts
(41, 42).
CYP2E1 Degradation Analyses in S. cerevisiae—Given this

low potential for futile oxidative cycling, it was plausible that
the relative flux of CYP2E1 into UPD andALD pathways would
be altered in yeast. Human liver CYP2E1 was therefore heter-

ologously expressed in isogenicWTHRDandhrd2-1 (defective
in 19 S proteasomal Hrd2p/Rpn1 subunit) yeast strains as well
as in PEP4 WT and pep4� yeast strains (deficient in the vacu-
olar Pep4p master protease) (Fig. 2). These findings indicated
that a fraction of CYP2E1 is initially stabilized to a significant
extent in the hrd2-1 yeast strains relative to the corresponding
control WT strains (Fig. 2A). However, at a later time, another
fraction is also stabilized (�2-fold) in pep4� yeast strains (Fig.
2B). These findings thus revealed that bothUPDandALD func-
tion as the major CYP2E1 proteolytic pathways in yeast, just as
in the mammalian liver.
Relative CYP2E1 Degradation in WT and Ubc5- and Ubc7-

deficient Yeast Strains—The Ub-conjugating enzymes UbcH5a
and UBC7, identified in in vitro P450 ubiquitination systems
(22, 49), have corresponding homologs in yeast, and thus yeast
strains deficient in these E2 enzymes (ubc4�, ubc4�/ubc5�,
ubc7�, andubc6�/ubc7�) were examined for clues to their spe-
cific roles in CYP2E1 ERAD. On heterologous expression, sig-
nificant stabilization of human liver CYP2E1 was observed in
vivo in ubc4�/ubc5�, ubc7�, and ubc6�/ubc7� yeast strains,
relative to their correspondingWT strains (Fig. 3). However no
significant CYP2E1 stabilization over that of the WT type was
observed in the ubc4� yeast strain, thereby indicating that
Ubc4p enzyme is dispensable to this process.However, when its
deletion is combined with that of Ubc5p, the CYP2E1 is greatly
stabilized in the ubc4�/ubc5� strain (Fig. 3A). Comparable
CYP2E1 stabilization in ubc7� and ubc6�/ubc7� yeast strains
also similarly excluded a significant contribution of Ubc6p E2
enzyme to CYP2E1 ERAD (Fig. 3B). Collectively, these findings
reveal that Ubc5p and Ubc7p are the most relevant yeast E2
enzymes in CYP2E1 ERAD, consistent with the findings of the
in vitro reconstituted ubiquitination systems with mammalian
E2/E3 proteins (22, 49; see below). The ERAD-associated E3
enzymes were not similarly evaluated in yeast, first because no
known homolog of mammalian CHIP exists in yeast; and sec-
ond, none of the known yeast ERAD E3s appears to participate

FIGURE 1. CZ 6-hydroxylase activity of S. cerevisiae microsomal mem-
branes after heterologous expression of CYP2E1. Assays were carried out
before and after functional reconstitution of microsomal CYP2E1 with OR and
b5, as described previously (see under “Experimental Procedures”). The corre-
sponding activities per mg of microsomal protein were 15 and 270 pmol of
6-OHCZ/mg protein/min, respectively. A positive control of acetone-treated
rabbit liver microsomes yielded an activity of 2553 pmol of 6-OHCZ/mg pro-
tein/min, which was 9.5-fold higher than that of the functionally reconsti-
tuted yeast microsomes (270 pmol/mg protein/min). Values are averages
derived from two separate microsomal incubations.

CYP2E1 Phosphorylation, Ubiquitination, and Degradation

MARCH 18, 2011 • VOLUME 286 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 9447

http://www.jbc.org/cgi/content/full/M110.176685/DC1
http://www.jbc.org/cgi/content/full/M110.176685/DC1


in CYP3A ERAD (50), even though gp78 shares 30% homology
to HRD-1 (47, 68, 69).
CYP2E1 UPD in Cultured Human Hepatocytes—To deter-

mine the clinical relevance of this process, cultured human
hepatocytes were pretreated with the CYP3A/CYP2E1 inducer
rifampin (60). Western immunoblotting analyses of the corre-
sponding lysates from cells revealed a small loss of the native
�50-kDa CYP2E1 parent species over 6 h of culture, reflecting

its normal physiological turnover. This loss was inhibited in the
presence of the proteasome inhibitor MG262 or epoxomycin
(Fig. 4A; supplemental Fig. S1). Ubiquitination analyses of
CYP2E1 immunoprecipitates from human hepatocyte lysates
similarly confirmed significant post-translational modification
of the protein in vivo, and this ubiquitination was appreciably
increased uponMG262 treatment, thereby revealing that a sig-
nificant fraction of the native CYP2E1 protein was subjected to
26 S proteasomal degradation (Fig. 4C). Treatment with the
P450 suicide/mechanism-based inactivator DDEP resulted in a
marked loss of the parent�50-kDaCYP2E1 content consistent
with structural damage of the protein (Fig. 4A). This CYP2E1
loss was prevented byMG262- or epoxomycin-induced protea-
somal inhibition (Fig. 4A). As expected, this also led to a pro-
nounced accumulation of the ubiquitinated CYP2E1 species
(Fig. 4C). Cotreatment of rifampin-treated human hepatocytes
with the ALD inhibitors 3MA and NH4Cl for 20 h also led to a
significant CYP2E1 stabilization (Fig. 4B), with no appreciable

FIGURE 2. Degradation of heterologously expressed human liver CYP2E1
in yeast with defective proteasomal and deleted vacuolar function. A
plasmid encoding human liver CYP2E1 was heterologously expressed in
yeast strains defective in proteasomal degradation (hrd2-1) or deficient in
vacuolar degradation (pep4�), and corresponding isogenic wild type (WT)
yeast strains, and its degradation was followed by the stationary chase
method as described previously (46, 50). Yeast cells were harvested at various
stages of logarithmic culture growth corresponding to an A600 of 0.8 (E, early),
12 h after reaching this value (M, middle stage), or 20 h after reaching an A600
of 0.8 (L, late), as required for monitoring ALD in yeast. Microsomes were
subjected to IB analyses with sheep anti-CYP2E1 IgG as the primary antibody
and rabbit anti-sheep HRP-coupled secondary IgG, followed by ECL detection
as described previously (50). Prototypical immunoblots are shown with a
purified human liver CYP2E1 standard included as a standard (Std). A, immu-
nochemically detected CYP2E1 levels at middle and late stages were densi-
tometrically quantitated and expressed as % of the initial “early” stage levels
in the WT or the hrd2-1 strain. Values are mean � S.D. of three individual yeast
cultures. B, immunochemically detected CYP2E1 levels at middle and late
stages were densitometrically quantitated and expressed as % of the initial
early stage levels in the WT or the pep4� strain. Values are mean � S.D. of
three individual yeast cultures.

FIGURE 3. Degradation of heterologously expressed human liver CYP2E1
in yeast with genetic deletions of ERAD-associated E2 enzymes. CYP2E1
was heterologously expressed in yeast strains deficient in Ubc4p (ubc4�) or
both Ubc4p and Ubc5p (ubc4�/ubc5�), and corresponding isogenic WT yeast
strains (A), or in yeast strains deficient in Ubc7p (ubc7�) or both Ubc6p and
Ubc7p (ubc6�/ubc7�) (B). Cells were harvested at an absorbance of �0.8 –1.0
at 600 nm (early stage) or after stationary chase, generally 12 h after reaching
an A of 0.5– 0.8 at 600 nm (middle stage), and CYP2E1 degradation was fol-
lowed as described previously in Fig. 2 for the HRD and hrd2-1 strains. Values
are mean � S.D. of three individual yeast cultures. Std, standard.
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increase in protein ubiquitination in corresponding CYP2E1
immunoprecipitates (Fig. 4C). These findings are entirely con-
sistentwith the degradation of ubiquitinatedCYP2E1 species in
the presence of a functional UPS/ERAD.
Analyses of in Vitro CYP2E1Ubiquitination and the Effects of

PKA and/or PKC on This Process—Two E2-E3 complexes have
been shown to catalyze P450 ubiquitination in vitro: UbcH5a/
CHIP in the case of CYP2E1 (22), and both UbcH5a/CHIP and
UBC7/gp78 in the case of CYP3A4 (49, 50). To enhance the
detection of the ubiquitinated species, P450s were first inac-
tivated by CuOOH in vitro before incubation in each of the
reconstituted E2/E3 systems. Immunoprecipitation/SDS-
PAGE/PhosphorImager/Typhoon-scanning analyses of

CYP2E1 incubated for 90 min in an UbcH5a/CHIP-reconsti-
tuted ubiquitination system confirmed that it was indeed
substantially ubiquitinated (Fig. 5A) (22). Inclusion of either
PKA or PKC in the incubation greatly enhanced the extent of
UbcH5a/CHIP-mediated CYP2E1 ubiquitination (Fig. 5A).
However, the inclusion of both PKA/PKC in the incubation
not only further augmented this CYP2E1 ubiquitination, but
the observed CYP2E1 ubiquitination ladder was extended to
higher molecular mass levels, indicating that CYP2E1 pro-
tein phosphorylation may have enhanced the efficiency
and/or extent of its UbcH5a/CHIP-mediated ubiquitination
(Fig. 5A).
To determine whether UBC7/gp78 was also capable of ubiq-

uitinating CYP2E1, an in vitro ubiquitination system reconsti-
tuted with this E2-E3 complex was evaluated along with
CYP3A4 included in parallel as a positive control (supplemen-
tal Fig. S2). Similar immunoprecipitation analyses of each P450
enzyme at 90 min of incubation revealed that UBC7/gp78 was
capable of ubiquitinating CYP2E1 and, as reported previously
(48, 49), CYP3A4 (Fig. 5A; supplemental Fig. S2). The UBC7/
gp78-mediated CYP2E1 ubiquitination was found to be not
quite as robust as that of CYP3A4 (supplemental Fig. S2). How-
ever, inclusion of either PKA or PKC in this incubation system
considerably enhanced CYP2E1 ubiquitination (Fig. 5A). On
the other hand, inclusion of both kinases not only synergized
the ubiquitination of CYP2E1 (Fig. 5A) but also, as reported
earlier (48), that of CYP3A4 (supplemental Fig. S2). These find-
ings thus revealed that CYP2E1 protein phosphorylation sub-
stantially enhances its otherwise sluggish ubiquitination by
UBC7/gp78.
In Vivo Relevance of PKA-/PKC-mediated Protein Phos-

phorylation on CYP2E1 UPD/ERAD in Cultured Rat Hepato-
cytes—Time course analyses of 35S-CYP2E1 immunoprecipi-
tates from control rat hepatocytes by scintillation counting
revealed a gradual loss of 35S-CYP2E1 over 4 h following pulse-
chase, which was markedly accelerated upon DDEP treatment,
as expected (Fig. 5B). This DDEP-induced loss was abrogated
by concurrent treatment with KT-5720, BisIII, or staurospo-
rine, thereby revealing that each of these kinase inhibitors could
block intracellular CYP2E1 turnover, most likely by blocking
CYP2E1 phosphorylation and subsequent ubiquitination.
To verify the corresponding effects of each of these kinase

inhibitors on intracellular CYP2E1 ubiquitination, the relative
fractions of its parent (50 kDa) species and corresponding
ubiquitinated high molecular mass (HMM; 65–250 kDa) spe-
cies in 35S-CYP2E1 immunoprecipitates were evaluated follow-
ing SDS-PAGE/PhosphorImager/Typhoon-scanning analyses
(Fig. 5C) as described previously (40). In control (non-DDEP-
treated) cells, CYP2E1 was present largely as the parent 50-kDa
species with traces of HMM species at time 0 h (Fig. 5C). Fol-
lowing DDEP treatment for 2 h, the level of HMM species was
increased, apparently at the expense of the parent 50-kDa spe-
cies (Fig. 5C). Treatment of hepatocytes with KT-5720 for 2 h
blocked this appearance of HMM-ubiquitinated CYP2E1 spe-
cies with a corresponding retention of the parent 50-kDa spe-
cies (Fig. 5C). But this KT-5720-induced block somewhat
seemed to subside by 4 h (data not shown). Treatment with
BisIII for up to 4 h similarly blocked the appearance of HMM-

FIGURE 4. CYP2E1 UPD in cultured human hepatocytes. Cells from four
human donors were treated with rifampin as described previously (see under
“Experimental Procedures”). A, on day 6, some plates from donor 1 were
treated with DDEP (100 �M) for 0 – 6 h and others with DMSO (vehicle control).
Some of these plates with or without DDEP were also treated with the pro-
teasomal inhibitor MG-262 (20 �M) or epoxomycin (10 �M). Cells were har-
vested and lysates (20 �g of protein) used for CYP2E1 IB analyses (see under
“Experimental Procedures”) are shown at the top. Mean � S.D. values of three
densitometrically quantitated immunoblots from three separate cultures
from donor 1 are shown at the bottom. B, some rifampin-treated cultured
hepatocytes from human donor 3 were treated with lysosomal inhibitors
3-MA � NH4Cl for 20 h as described previously (see under “Experimental
Procedures”). A typical immunoblot is shown at the top with densitometri-
cally quantitated immunoblots (mean � S.D.) of three individual lysosomal
inhibitor-treated cultures (donor 3) shown at the bottom. C, CYP2E1 was also
immunoprecipitated from lysate aliquots from donor 2 cells treated with
MG-262 (supplemental Fig. S1) and donor 3 cells treated with MG-132 or
3-MA � NH4Cl as described previously in B (see under “Experimental Proce-
dures”). The immunoprecipitates from lysates were subjected to IB analyses
with a rabbit anti-Ub antibody, as detailed (8, 58). 1st lane (extreme left) corre-
sponds to 0-h controls.
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ubiquitinated CYP2E1 species with a corresponding retention
of the parent 50-kDa species (Fig. 5C). This was also true of
staurosporine, which tended to retain evenmore of theCYP2E1
species in its parent form (Fig. 5C). The relative quantitation of
theHMMubiquitinated and parent CYP2E1 species from three
separate experiments is illustrated (Fig. 5D). Together, these
findings unequivocally document that inhibition of PKAand/or
PKC inhibits intracellular CYP2E1 ubiquitination and conse-
quently its UPD/ERAD.
Identification of Human Liver CYP2E1 Residues Phosphor-

ylated by PKA by LC-MS/MS Analyses—To more completely
characterize CYP2E1 phosphorylation, we used LC-MS/MS
analyses to identify the sites phosphorylated in the native and
CuOOH-inactivated CYP2E1 after their incubation with either
PKA or PKC. Ion peaks were selected for MS/MS analyses
based on a so-called dynamic exclusion scheme, which selects
ions based on a set of criteria such as charge �/ � 2, intensity
ranking, and/or whether it has been selected before, etc. Frag-
mentation spectra were inspected for the presence of a frag-
ment distanced from its parent peptide by 98 Da, a character-
istic phosphorylation signature stemming from the elemental
loss of phosphoric acid. The manually inspected MS/MS spec-
tra of each phosphorylated peptide indicating the target site are
included as evidence (supplemental material). The stoichiom-
etry of phosphorylation at those sites was estimated using a

label-free quantification method.4 In vitro incubation of puri-
fied recombinant CYP2E1 with PKA predominantly resulted in
the phosphorylation of Ser129, as monitored by LC-MS/MS
analyses. Semi-quantitative analyses revealed that this phos-
phorylation constituted 98.2 � 0.9% of the total phosphorylat-
able Ser129 in the protein, and this extent was not appreciably
increased on CuOOH-mediated structural inactivation of the
enzyme.5 However, the phosphorylation of Ser145, Ser256, and
Thr373 in the native enzyme by PKA was also detected to a
minor extent (0.96 � 0.14, 0.72 � 0.24, and 1.20 � 0.05%,

4 Two strategies were used for the semi-quantitative label-free analysis based
on extracted ion chromatograms to estimate the phosphorylation stoichi-
ometry. First, the depletion of the nonphosphorylated peptide was used to
estimate the relative quantity of the corresponding phosphorylated pep-
tide. This strategy works well if the nonphosphorylated peptide is detected
with good signal to noise ratios in both the control and phosphorylated
P450 samples, and the phosphorylation stoichiometry is high (� �20%).
Second, in the case of low stoichiometry, the intensity of the phosphory-
lated peptide was used directly. Because the ionization efficiency of the
phosphopeptide is typically lower than that of its corresponding nonphos-
phorylated peptide, its estimation can be significantly under-represented.
Thus, in the situation of low stoichiometry, the method may indeed esti-
mate smaller values because the difference in the ionization efficiency
between phosphorylated and nonphosphorylated peptides is not known.

5 In contrast to this native substrate-free CYP2E1 that is very highly phos-
phorylated by PKA, it is worth noting that substrate-complexed CYP2E1 is
apparently more resistant to PKA-mediated phosphorylation (28, 29),
which may account for its greater proteolytic stability.

FIGURE 5. Effects of PKA and/or PKC on CYP2E1 ubiquitination in vitro and in cultured rat hepatocytes. A, CYP2E1 ubiquitination in in vitro
reconstituted E2/E3 systems. PhosphorImager analyses of UbcH5a/CHIP- and UBC7/gp78-mediated ubiquitination of CuOOH-inactivated CYP2E1 in the
presence or absence of PKA and/or PKC or in the presence or absence of ATP in the incubation. CYP2E1 was immunoprecipitated from the incubation
mixture at 90 min of incubation and subjected to SDS-PAGE analyses. For details of the complete CYP2E1 ubiquitination analyses see under “Experi-
mental Procedures.” Data from a typical experiment are depicted. Lane 1 corresponds to the complete reaction mixture with ATP but no CYP2E1, PKA,
or PKC. Lane 6 corresponds to the complete reaction mixture with CYP2E1 and PKA/PKC but no ATP. Each experiment was conducted in its entirety at
the least three separate times. The color wheel intensity code is as follows: black � dark blue � light blue � green � yellow � orange � red� magenta �
white. B, CYP2E1 ubiquitination and turnover in cultured rat hepatocytes. Cells were subjected to 35S-pulse-chase analyses. At time 0 h of chase, they
were treated with DDEP (solid line) or DMSO (vehicle; dashed line). Thirty min later, they were treated with KT-5720 (5 �M), BisIII (5 �M), staurosporine (1
�M), or DMSO (vehicle). At 0, 2, and 4 h following DDEP, 35S-CYP2E1 was immunoprecipitated from cell lysates. Aliquots of 35S-CYP2E1 immunoprecipi-
tates were subjected to scintillation counting. Values are mean � S.D. of three individual experiments. C, other aliquots of 35S-CYP2E1 immunoprecipi-
tates were subjected to SDS-PAGE and PhosphorImager analyses as described previously. A Typhoon scan of a typical gel is shown. The color wheel
intensity code is as follows: white � magenta � red � orange � yellow � green � light blue � dark blue � black. D, corresponding quantitation (mean �
S.D.) of the relative intensities of the 50-kDa 35S-CYP2E1 parent species and corresponding HMM-ubiquitinated 65–250-kDa species from three indi-
vidual experiments (one of which is depicted in C) is shown.
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respectively), and similar semi-quantitative analyses indicated
that this extent was further increased to 1.44 � 0.07, 1.10 �
0.32, and 2.1 � 0.28%, respectively, upon CuOOH-mediated
structural inactivation (Tables 1 and 2; supplemental Figs. S3
and S4).
Identification of Human Liver CYP2E1 Residues Phosphory-

lated by PKC by LC-MS/MS Analyses—Similar incubation of
purified recombinant CYP2E1 with PKC and subsequent LC-
MS/MS analyses revealed the phosphorylation of multiple res-
idues in five distinct CYP2E1 domains. Themanually inspected
MS/MS spectra are provided as evidence (supplemental mate-
rial). These domains were dissected however into smaller
regions of the phosphorylated protein upon Lys-C digestion.
The first domain composed of CYP2E1 residues Ser56–Lys84

yielded four phosphorylated residues Ser56, Thr58, Thr69, and
Ser74. The second CYP2E1 domain composed of residues
Glu88–Lys160 contained five phosphorylated residues Thr121,
Ser129, Thr131, Thr132, and Ser145. The third CYP2E1 domain
composed of residues Glu244–Lys251 was phosphorylated at
Ser247 to a minor extent. The fourth domain was composed of
Asp346–Lys408 containing the predominantly phosphorylated
residue Thr373, with Thr387 phosphorylated to a lesser extent
and Thr376 phosphorylated to a minor extent. Finally, the last
domain extended from Phe421–Lys434, and contained Ser424

and Thr432 phosphorylated to a minor extent in the native pro-
tein. Of this list, Ser56, Thr121, Ser129, and Thr373 are to be
underscored as the residues phosphorylated to a major extent
by PKC, and this phosphorylation extent was further increased
upon inactivation of the enzyme. It is to be noted that Ser129,
the residue predominantly phosphorylated by PKA, is also a
residue significantly phosphorylated by PKC (23.5 � 0.45%),
and this extent (unlike that with PKA) is further increased to
32.1 � 0.47% upon CuOOH inactivation. CYP2E1 inactivation
also considerably increased the PKC-mediated phosphorylation
extent of several residues that weremodestly (Thr58, Thr69, Ser74,
Thr131, andThr376), poorly (Ser145, Ser424, andThr432), ornotat all

(Thr387 and Ser 431) detectably phosphorylated in the native pro-
tein (Tables 3 and 4; supplemental Figs. S5 and S6).
Identification of Human Liver CYP2E1 Residues Ubiquiti-

nated by UBC7/gp78 or UbcH5a/CHIP by LC-MS/MS Ana-
lyses—Protein ubiquitination generally entails the E2/E3-cata-
lyzed covalent attachment of a polyUb chain onto one or more
Lys �-NH2moieties or the �-N terminus of a suitable substrate.
When a ubiquitinated protein is subjected to tryptic/Lys-C
digestion, not only is the substrate protein dissected after its
unmodified Lys and/or Arg residues but so are the Ub mole-
cules in the polyUb chain, leaving a tell-tale Ub remnant
(-GG76 or -LRGG76) covalently attached to its initial site (most
frequently a Lys residue) in the substrate-derived tryptic/Lys-C
peptide.6 The corresponding mass signatures of these Ub-de-
rived tags can be conveniently detected by LC-MS/MS analyses
through the associated �114.043- or �383.228-Da increase of
the modified peptide relative to the unmodified parent peptide
(67). FollowingMS/MS fragmentation of thismodified peptide,
a characteristic loss of GG- or KGG-associated mass (114.1 or
242.1 Da, respectively) was detected that not only verifies the
Ub-derived protein modification but also serves to identify the
precise Lys residue ubiquitinated in the protein of interest.
Using this approach, we have identified several CYP2E1 resi-
dues ubiquitinated by UbcH5a/CHIP and UBC7/gp78 E2/E3
systems in the presence of PKA/PKC (Tables 5 and 6).
Several human liver CYP2E1 peptides containing detectably

ubiquitinated Lys residues (Lys87, Lys251, Lys275, and Lys410)
were isolated from the UbcH5a/CHIP system (Table 5), and of
these, Lys251, Lys275, and Lys410 could be verified via
LC-MS/MS analyses as ubiquitinated by the diagnostic -GG tag
loss (Table 5; supplemental data). The Lys251-ubiquitinated
peptide was also found to harbor a phosphorylated residue
(Ser256) in its vicinity. Corresponding sites in the orthologous
rabbit liver enzymewere also targeted both for phosphorylation
and UbcH5a/CHIP-mediated ubiquitination (Table 5; supple-
mental data). Similarly, several human liver CYP2E1 peptides
containing detectably ubiquitinated Lys residues (Lys84, Lys87,
Lys275, Lys410, Lys420, Lys422, Lys428, Lys434, and Lys461) were
also isolated from the UBC7/gp78 system (Table 6). Of these,
Lys84, Lys87, and Lys434 could be verified via LC-MS/MS anal-
yses to release the diagnostic -GG tag (Table 6; supplemental
data). Lys434 was similarly found to be ubiquitinated in the cor-
responding peptide from the orthologous rabbit liver CYP2E1,

6 Although in principle the ubiquitination of noncanonical CYP2E1 Ser,
Thr, or Cys residues is plausible, they may not have survived the alkaline
conditions used for Lys-C/trypsin digestion of the ubiquitinated pro-
tein (100 –103).

TABLE 1
List of identified PKA-catalyzed CYP2E1 phosphorylation sites
The abbreviations used are as follows: cm, carbamidomethylation; ox, oxidation; p, phosphorylation; RT, peptide retention time. For experimental details, see under
“Experimental Procedures.” CYP2E1 peptides were derived from Lys-C digests.

No. Site Peptide sequence Mass z RT Expectedvalue NetPhos score

m/z min
1 Ser129 DIRRFpSLTTLRNYGM(ox)GK 531.8 4 26.3 4.9e-3 0.994

DIRRFpSLTTLRNYGMGK 703.4 3 28.3 4.0e-3
2 Ser145 Q(Gln3pyroGlu)GNEpSRIQREAHFLLEALRK 615.3 4 28.8 7.3e-4 0.878
3 Ser256 EHHQpSLDPNC(cm)PRDLTDC(cm)LLVEMEK 754.8 4 32.0 6.4e-5 0.105
4 Thr373 DRQEMPYMDAVVHEIQRFITLVPSNLPHEApT 863.6 6 47.9 2.1e-5 0.081

RDTIFRGYLIPK

TABLE 2
PKA-mediated phosphorylation, semi-quantitative comparison of
native and CuOOH-inactivated CYP2E1
The values are the mean � S.D. of three individual determinations. - indicates that
no phosphorylated peptide was detected in the control sample.

No. Residue Control Native 2E1 CuOOH-2E1

% %
1 Ser129 - 98.2 � 0.92 98.4 � 0.64
2 Ser145 - 0.96 � 0.14 1.44 � 0.07
3 Ser256 - 0.72 � 0.24 1.10 � 0.32
4 Thr373 - 1.20 � 0.05 2.09 � 0.28
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which also harbored a phosphorylated Ser424 (Table 6; supple-
mental data). Together these findings once again underscore
the strong association between P450 protein phosphorylation
and ubiquitination irrespective of the particular E2-E3 system
employed.
Our LC-MS/MS analyses also enabled us to determine that

CYP2E1polyubiquitination byUbcH5a/CHIP entailed not only
Lys48-Ub-Ub linkages, the type of signal associated predomi-
nantly with proteasomal targeting, but also Lys11- and Lys63-
Ub-Ub linkages (data not shown). However, CYP2E1 ubiquiti-
nation by UBC7/gp78 entailed largely a Lys48-Ub-Ub linkage.

DISCUSSION

Despite its relatively poor potential for futile oxidative
cycling/catalytic uncoupling, we find that the degradation of
heterologously expressed CYP2E1 in yeast still occurs via both
ERAD/UPS and ALD pathways as in themammalian liver. This
finding suggests that although such oxidative cycling as pro-
posed previously (41, 42)may significantly influence the target-
ing of CYP2E1 into mammalian liver UPD pathway, it is by no
means the only determinant. CYP2E1 must additionally con-
tain intrinsic “degrons” or post-translationally modified deter-
minants that channel it into this classical ERAD/UPS pathway.
Although the precise nature of these CYP2E1 determinants
remains to be fully elucidated, it is tempting to speculate that
they may include “phosphodegrons” (see below).
In cultured human hepatocytes, this CYP2E1 ERAD/UPS

process is not only inhibited by the proteasomal inhibitors but
is also enhanced upon DDEP-mediated mechanism-based
CYP2E1 inactivation (Fig. 4), consistent with previous reports
employing other CYP2E1 suicide inactivators (18–22). Thus,
structural inactivation of the enzyme apparently damages the
protein, resulting in the exposure of additional degrons or tar-
geting of additional residues for post-translational modifica-
tion thatmarks the protein for ERAD/UPS. ALD inhibitors also
led to a significant stabilization of CYP2E1 at 20 h of treatment,
entirely consistent with the previously noted relatively slower
turnover involved in the ALD process (32–38).
Our in vitro ubiquitination analyses revealed that of the two

specific E2/E3 reconstituted systems examined, UbcH5a/CHIP
is indeed relatively more robust than UBC7/gp78 in CYP2E1

TABLE 3
List of identified PKC-catalyzed CYP2E1 phosphorylation sites
The abbreviations used are as follows: ox, oxidation; p, phosphorylation; RT, peptide retention time. For experimental details, see under “Experimental Procedures.” CYP2E1
peptides were derived from Lys-C digests.

No. Site Peptide sequence Mass z RT
Expected
value

NetPhos
score

m/z min
1 Ser56 pSFTRLAQRFGPVFTLYVGSQRMVVMHGYK 692.0 5 37.8 1.8e-5 0.959

pSFTRLAQRFGPVFTLYVGSQRMVVMHGYKAVK 626.5 6 35.8 2.0e-4
2 Thr58 SFpTRLAQRFGPVFTLYVGSQRM(ox)VVMHGYK 695.2 5 35.0 2.8e-6 0.008
3 Thr69 SFTRLAQRFGPVFpTLYVGSQRMVVMHGYK 692.0 5 34.5 7.1e-5 0.496
4 Ser74 SFTRLAQRFGPVFTLYVGpSQRMVVM(ox)HGYK 864.7 4 32.4 1.4e-5 0.050

SFTRLAQRFGPVFTLYVGpSQRMVVMHGYK 692.0 5 33.7 3.9e-6
5 Thr121 EALLDYKDEFSGRGDLPAFHAHRDRGIIFNNGPp 1057.5 4 30.4 5.2e-5 0.263

TWK
6 Ser129 DIRRFpSLTTLRNYGM(ox)GK 708.7 3 28.0 7.0e-4 0.994

DIRRFpSLpTTLRNYGMGK 1054.5 2 28.3 5.5e-5
DIRRFpSLpTTLRNYGMGK 527.8 4 29.9 4.9e-4

7 Thr131 DIRRFSLpTTLRNYGMGK 703.4 3 29.9 1.2e-3 0.077
DIRRFpSLpTTLRNYGMGK 730.0 3 29.5 7.6e-4

8 Thr132 DIRRFSLTpTLRNYGM(ox)GK 708.69 3 25.8 2.7e-3 0.642
DIRRFSLTpTLRNYGMGK 527.77 4 28.3 2.1e-4

9 Ser145 QGNEpSRIQREAHFLLEALRK 619.57 4 31.2 3.4e-3 0.878
10 Ser247 EYVpSERVK 545.25 2 13.6 2.7e-4 0.907
11 Thr373 DRQEMPYMDAVVHEIQRFITLVPSNLPHEApTRDT 863.61 6 48.0 3.0e-6 0.081

IFRGYLIPK
DRQEM(ox)PYMDAVVHEIQRFITLVPSNLPHEApT 1039.3 5 46.0 3.5e-5
RDTIFRGYLIPK
DRQEM(ox)PYM(ox)DAVVHEIQRFITLVPSNLPHE 1042.5 5 41.5 3.2e-4
ApTRDTIFRGYLIPK

12 Thr376 DRQEM(ox)PYMDAVVHEIQRFITLVPSNLPHEATR 1039.3 5 45.8 4.0e-5 0.877
DpTIFRGYLIPK
DRQEM(ox)PYM(ox)DAVVHEIQRFITLVPSNLPHE 1042.6 5 41.6 2.2e-4
ATRDpTIFRGYLIPK

13 Thr387 GpTVVVPTLDSVLYDNQEFPDPEK 881.41 3 34.2 3.9e-4 0.671
14 Ser424 FKYpSDYFKPFSTGK 897.92 2 30.2 6.3e-7 0.571
15 Ser431 YSDYFKPFpSTGK 507.22 3 26.0 4.9e-5 0.348
16 Thr432 YSDYFKPFSpTGK 760.32 2 27.0 7.2e-6 0.918

TABLE 4
PKC-mediated phosphorylation and semi-quantitative comparison of
native and CuOOH-inactivated CYP2E1
The values are the mean � S.D. of three individual determinations. - indicates that
no phosphorylated peptide was detected in the control sample.

No. Residue Control Native 2E1 CuOOH-2E1

% %
1 Ser56 - 11.8 � 0.42 50.8 � 0.55
2 Thr58 - 4.09 � 0.29 10.9 � 0.35
3 Thr69 - 2.59 � 0.08 4.38 � 0.12
4 Ser74 - 2.26 � 0.28 10.9 � 0.12
5 Thr121 - 35.8 � 0.38 80.1 � 0.34
6 Ser129 - 23.5 � 0.45 32.1 � 0.47
7 Thr131 - 6.40 � 0.25 15.3 � 0.38
8 Thr132 - 3.76 � 0.13 3.95 � 0.14
9 Ser145 - 0.14 � 0.01 0.30 � 0.01
10 Ser247 - 0.22 � 0.003 0.28 � 0.12
11 Thr373 - 39.0 � 0.54 42.5 � 0.67
12 Thr376 - 1.72 � 0.14 2.39 � 0.23
13 Thr387 - - 10.3 � 0.32
14 Ser424 - 0.06 � 0.002 11.7 � 0.23
15 Ser431 - 2.49 � 0.08
16 Thr432 0.76 � 0.12 1.16 � 0.08
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ubiquitination, thus confirming the previous finding of Mor-
ishima et al. (22). However, the inclusion of PKA and/or PKC in
the ubiquitination reaction markedly enhanced CYP2E1 ubiq-
uitination by both these E2/E3 systems (Fig. 5A). We have pre-
viously reported a similar enhancement of UBC7/gp78-medi-
ated CYP3A4 ubiquitination upon its PKA/PKC-mediated
phosphorylation (48). More importantly, we now document
that such a PKA/PKC-mediated phosphorylation of CYP2E1
may be relevant to its physiological ERAD/UPD. Indeed, treat-
ment of rat hepatocytes with a specific PKAor PKC inhibitor or
a general PKA/PKC/PKG inhibitor not only blocked CYP2E1
ubiquitination, but also its turnover (Fig. 5, B–D). Collectively,
these findings suggest that P450 protein phosphorylation can
significantly accelerate the ERAD/UPD of a P450 enzyme by
enhancing its ubiquitination. Such enhancement of CYP2E1
ubiquitination, indicated by the greater intensity and extension
to higher molecular masses of the ubiquitination profile, may
reflect acceleration of the ubiquitination rate, the involvement
of a greater number of CYP2E1 residues targeted for ubiquiti-
nation, and/or longer polyUb chains appended onto the
enzyme.
CYP2E1 contains multiple phosphorylatable residues, in

addition to a strategically located PKA RRXS129 recognition
motif (28, 51–53, 70–74). Our studies confirm that this Ser129
residue is indeed phosphorylated to a very high extent (�98%)
byPKA.Although such in vitroCYP2E1phosphorylation by the
PKA catalytic subunit may not be physiologically relevant, it is
noteworthy that CYP2E1 Ser129 residue is also phosphorylated
to a lesser albeit significant extent (23.5%) by PKC and liver

cytosolic kinases.7 This PKC-mediated Ser129 phosphorylation
is further enhanced by CuOOH-mediated structural inactiva-
tion of the protein (Table 3). Although such Ser129 phosphor-
ylation has been postulated to trigger its rapid proteolytic deg-
radation (28, 29), other CYP2E1 phosphorylatable residues
must exist, as mutation of Ser129 to Ala or Gly, while retaining
enzyme activity, failed to stabilize the enzyme (52).
Indeed, our comprehensive proteomic analyses of the native

and CuOOH-inactivated CYP2E1 phosphorylated by either
PKA or PKC reveal multisite phosphorylation of the CYP2E1
protein. Accordingly, we identified three new sites (Ser145,
Ser256, and Thr373) phosphorylated by PKA along with the pre-
viously identified Ser129. Similarly, we identified 14 PKC phos-
phorylation sites in the native protein, three of which (Ser129,
Ser145, and Thr373) were also PKA targets. CYP2E1 structural
inactivation not only further enhanced the extent of their phos-
phorylation but also uncovered two additional sites Ser387 and
Thr431 phosphorylated to a significant extent (Table 3). Inspec-
tion of the CYP2E1 crystal structure (71) reveals that many of
these residues, particularly those exhibiting the higher phos-
phorylation extent, are clustered together in distinct patches
along the external surface of the protein (Fig. 6). However, addi-
tional studies, including site-directedmutagenesis of individual
CYP2E1 residues alone and in combination along with the
expression/degradation analyses in yeast and/or mammalian
cells, will be required to determine the relevance of any specific

7 Y. Wang and M. A. Correia, unpublished data.

TABLE 5
List of identified UbcH5a/CHIP-catalyzed CYP2E1 ubiquitination sites
The abbreviations used are as follows: cm, carbamidomethylation; ox, oxidation; p, phosphorylation. For experimental details, see under “Experimental Procedures.”
CYP2E1 peptides were derived from Lys-C/tryptic digests.

E2/E3, UbcH5a/CHIP
No. Site Peptide sequence Mass z Expected value

m/z
1 Lys275 Human, DLTDC(cm)LLVEMEK(GG)EK 918.9 2 0.020

Rabbit, DFIDSLLIEM(ox)EK(GG)DK 609.3 3 0.010
DFIDSLLIEMEK(GG)DKa 604.0 3 0.014

2 Lys410 Human, FK(GG)PEHFLNENGKa 525.3 3 0.021
3 Lys251/Lys255 Human, VK(GG)EHHQpSLDPNC(cm)PR 637.6 3 0.27

Rabbit, EHHK(GG)pSLDPSC(cm)PR 414.9 4 0.014
4 Lys87 Human, AVK(GG)EALLDYK 632.3 2 3.7e-3
5 Lys410/Lys420 Human, FK(GG)PEHFLNENGK(GG)FK 655.0 3 0.016
6 Lys428/Lys434 Human, YSDYFK(GG)PFSTGK(GG)R 608.6 3 0.011

a Manually annotated spectra are provided as supplemental material.

TABLE 6
List of identified UBC7/gp78-catalyzed CYP2E1 ubiquitination sites
The abbreviations used are as follows: ox, oxidation; p, phosphorylation; cm, carbamidomethylation. For experimental details, see under “Experimental Procedures.”
CYP2E1 peptides were derived from Lys-C/tryptic digests.

E2/E3,UBC7/gp78
No. Site Peptide sequence Mass z Expected value

m/z
1 Lys84 Human, MVVM(ox)HGYK(GG)AVKa 696.8 2 0.082
2 Lys87 Human, AVK(GG)EALLDYKa 632.4 2 0.052
3 Lys434 Human, YSDYFKPFSTGK(GG)R 570.6 3 0.42

Rabbit, YSDYFKPFSAGK(GG)R 840.4 2 0.13
YpSDYFKPFSAGK(GG)Ra 587.3 3 0.025

4 Lys275 Rabbit, DFIDSLLIEMEK(GG)DK 905.5 2 0.009
5 Lys410/Lys420 Human, FK(GG)PEHFLNENGK(GG)FK 655.0 3 0.046
6 Lys422/Lys428 Human, FK(GG)YSDYFK(GG)PFSTGK 972.0 2 0.071
7 Lys461 Human, MELFLLLC(cm)AILQHFNLK(GG)PLVDPK 956.2 3 0.087

a Manually annotated spectra are provided as supplemental material.
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residue to CYP2E1 ERAD/UPS. Although such analyses may
not single out a residuewhose phosphorylation is the sine quanon
of CYP2E1 UPD, it is likely that it will lead to the identification of
oneormoremajor determinants or evenphosphodegrons. Indeed
similar analyses of CYP3A4have led us to identify Ser478 to be just
suchamajordeterminantof itsERAD.Alamutationof this residue
significantly impairedCYP3A4UPDinyeast, andalongwith those
of Ser420 and Thr264, it markedly slowed down CYP3A4 UPD in
both yeast andmammalian cells (48). Thus, apparently concerted
multisite protein phosphorylation can have a synergistic/cooper-
ative influence on P450 ERAD/UPD.
Phosphorylation at two or more sites mediated by one or

more cellular kinases is a common feature of many cellular
proteins in their UPD recognition and/or targeting (75–86).
Phosphorylation of a single phosphorylatable substrate residue
by a kinasemay be insufficient for its specific recognition by the
degradation machinery, but it could serve to “prime” that of
another sequentially or spatially related phosphorylatable resi-
due by the same or a different kinase (87). Thus, multisite phos-
phorylation would not only serve to signal themodified protein
as a target for disposal but also control the precise timing of this
event by insuring that it is only targeted when all the relevant
sites are phosphorylated (88). Several examples exist of multi-
site phosphorylation on discrete conserved primary sequence
peptide motifs known as phosphodegrons that function in the
substrate recognition by one or more E3 Ub ligases of the SCF
(complex of SKP1, CUL1, and F-box protein) family (88–93).
On the other hand, phosphorylated residues dispersed over the
entire protein sequence can also serve as “distributed degrons.”
These act cooperatively in UPD through a highly specific phos-
phorylation- and sequence-dependent manner, as the recogni-
tion of multisite hyperphosphorylated Tau (the pathologic
component in Alzheimer disease neurofibrillary tangles) and
human androgen receptor by the E3 Ub ligase CHIP complex
exemplifies (86, 94–96).8
The observed multisite phosphorylation of the CYP2E1 pro-

tein, dispersed over the entire length of its primary sequence

and contributing to the formation of distinct structural “clus-
ters” on its external surface, may similarly constitute spatially
related phosphodegrons that act cooperatively to engage a rel-
evant E2-E3 complex. A similar multisite phosphorylation is
also a feature of CYP3A4 ERAD/UPS (48, 97; and our prelimi-
nary findings). Thus, it remains to be determined whether such
a post-translationalmodification enhances themolecular inter-
actions of P450 proteins just with a particular E2-E3 complex,
as our findings seem to indicate, or additionally with the other
critical ERAD participants along the P450 degradation trail.
Our findings also reveal multisite ubiquitination of human

liver CYP2E1 (Fig. 6), a protein studded with 29 Lys residues,6

most of them solvent-accessible (70, 71). It has been previously
proposed on the basis of a CYP2E1 homology model that two
Lys residues (Lys317 and Lys324) in an evolutionarily highly con-
served CYP2E1 Lys317–Ala340 domain were ubiquitinated by
the rabbit reticulocyte ubiquitination machinery (98). From
CYP2E1 molecular modeling analyses, these Lys residues were
predicted to be cytosolically accessible. Indeed, a specific anti-
body raised against this domain was shown not only to inhibit
rat livermicrosomal CYP2E1 catalytic activity but also CYP2E1
ubiquitination (98). Our LC-MS/MS analyses of human and
rabbit liver CYP2E1 ubiquitination identified several Lys resi-
dues (Lys84, Lys87, and Lys251 (human); Lys255 (rabbit); Lys275,
Lys410, Lys420, Lys422, Lys428, Lys434, and Lys461) in both human
and rabbit liver CYP2E1 proteins as targets of both UbcH5a/
CHIP and UBC7/gp78 (Tables 5 and 6). Of these, Lys84, Lys87,
Lys251/Lys255, Lys275, Lys410, and Lys434 were conclusively ver-
ified by LC-MS/MS analyses to contain the diagnostic ubiquiti-
nation tag (Tables 5 and 6). AlthoughUBC7/gp78 favored some
CYP2E1 residues (Lys84, Lys422, and Lys461) andUbcH5a/CHIP
others (Lys251/Lys255), there was considerable overlap (Lys87,
Lys275, Lys410, Lys420, Lys428, and Lys434), thereby revealing that
although each E2-E3 complex has some preferred target sites,
their interactions with a particular CYP2E1 domain were not
mutually exclusive. Furthermore, inspection of the CYP2E1
crystal structure reveals that several of the ubiquitinated
CYP2E1 Lys residues were in close vicinity of its phosphory-
lated clusters (Fig. 6), thus reinforcing the notion that phos-
phorylation of a P450 domain may indeed serve to engage the
E2-E3 complex for its ubiquitination.

8 UPD of the forkhead transcription factor FoxO1 also involves its Akt-medi-
ated phosphorylation on Ser256 for its recognition by the UbcH5a-CHIP
complex. It is unclear whether phosphorylation of additional sites is
involved (96).

FIGURE 6. PyMol depiction of CYP2E1 phosphorylation/ubiquitination sites. Two views of CYP2E1 crystal structure (71) with PKA/PKC-phosphorylated
residues identified through LC-MS/MS (�1% relative abundance) shown in green, residues ubiquitinated by UBC7/gp78 in yellow, that ubiquitinated by
UbcH5a/CHIP in blue, and those ubiquitinated by both E2-E3 systems in magenta.
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In summary, our findings of hepatic CYP2E1 degradation
herein confirm yet again that the pathways of P450 ERAD/UPS
and ALD are evolutionarily highly conserved from yeast to
man. In common with that of CYP3A4, CYP2E1 ERAD/UPS
apparently also involves post-translational protein phosphory-
lation by cellular kinases and ubiquitination by both UbcH5a/
CHIP and UBC7/gp78 E2-E3 complexes. Although P450 pro-
tein phosphorylation apparently precedes ubiquitination (Fig.
5) (48), it is unclear whether in vivo the two E2-E3 systems act
concertedly, concurrently, or even sequentially. Nevertheless,
although multiple Lys residues are ubiquitinated, and it is
unknown whether ubiquitination of any specific CYP2E1 Lys
residue is critical to its ERAD/UPS, the predominant append-
age of Lys48 Ub-Ub-linkages suggests that the primary role
of such protein polyubiquitination is to target P450s to
ERAD/UPS.
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